The problem of climatic change is one of the most serious drawbacks of the emission of large quantities of CO2 and other greenhouse gases into the atmosphere. Road transport plays a large part in the world's production of CO2. Vehicles using fossil fuels (petrol and diesel fuel) produce CO2 emissions in quantities that depend on the carbon present in the fuel molecule. The target of CO2 reduction can be reached by using alternative fuels that have low carbon contents but also by improving the energy efficiency of the engine. This paper aims to carry out a comparative analysis of the CO2 emission of both the innovative and conventional public transport vehicles using on-line measurement methods to investigate their energy and emission performances. Two applications of this concept are reported, referring to experimental projects involving public transport companies in Italy. CO2 emission can be assessed and quantified from the fuel consumption supposing that all fuels consumed are oxidized by air oxygen to produce water and CO2. In conjunction with the above indirect emission calculation, some direct measurements were performed using a portable gas analyzer to confirm the former approach in CO2 evaluation. In several experimental tests, a diesel bus was compared with a similar CNG bus and a series hybrid bus. All the experiments were carried out during regular service.
INTRODUCTION
The Industrial Revolution generated a deep change in production organization and in the structure of modern society. This radical process of structural transformation was possible because of the large availability of fossil energy resources. Generally, fossil fuels are based on carbon atoms combined with hydrogen to give a more complex molecular structure, defined as hydrocarbon. Coal was the first fossil fuel used in massive quantities to supply energy at the renewed industries because it was easy to extract (many coal mines were "open sky mines") and easy to carry at point of use. Another leap in world energy consumption occurred thanks to exploitation of oil fields. Oil is more competitive than coal as an energy vector especially because it takes up less volume and is easier to handle inside energy plants. A real step up was taken when the oil industry developed a consolidated extractive technology to increase world oil production. This advancement in the productive capacity, in conjunction with a large amount of discovered reserves, has consolidated a large current oil supply.
Energy production from fossil fuel is based upon the carbon oxidation process. This reaction is strongly exothermic with a large amount of heat production. Generally, we can describe this chemical reaction as:
C n H m + (n + m/4) O 2 → n CO 2 + (m/2) H 2 O + heat
(1)
After oxidation of the carbon atom we have carbon dioxide and vapor steam as products. From 1973 From -1998 , energy consumption of fossil fuels grew quickly, from 3433 Mtons to 4458 Mtons (see Figure 1 ). During the same period, energy consumption in the transport sector, ascribable to fossil fuels, increased 76.3%, passing from 942 Mtons to 1661 Mtons (equal to 27% and 37% of the global energy generated from fossil fuel). Data collected by IEA (2000) shows that in the transport sector, coal consumption was decreased to the advantage of oil and natural gas as reported in Table I .
Proportional to fossil fuel consumption, carbon dioxide production was increased in the last century. IEA (2000) has estimated that the CO 2 emission from carbon oxidation increased from 16,222 Mtons to 22,726 Mtons in the same 188 A. GENOVESE and R. RAGONA FIGURE 1 World energy production from fossil sources. Figure 2) . The large emission of CO 2 in the twentieth century changed the atmospheric composition. The consequence of the atmospheric CO 2 increasing is the modification of the natural heat dissipation process. This event seems to induce a global warming. The "greenhouse effect" generated by CO 2 emission is one of the new worldwide alarms sounding, because thermal alteration can have a deep influence on climate change with very dangerous results for human life.
The Kyoto Protocol and other international agreements have delineated the urgency in CO 2 emission reduction in the industrialized and emerging countries. The reduction of CO 2 emissions is possible in many ways: by increasing efficiency in industrial processes, incrementing energy saving, and by decreasing the use of fossil fuels. The transport sector, being a large producer of CO 2 , has an active role to contribute to the reduction of greenhouse gas.
CO 2 AND ROAD TRANSPORT
The possibility of reducing CO 2 emission in road transport depends on two factors: fuel consumption and fuel composition. The more fossil fuel is burnt in thermal engines, the more CO 2 is produced as a result of the carbon oxidation process. If we decrease fossil fuel consumption, we can reduce the CO 2 emission. Another interesting action is the use of alternative fuels.
In Equation (1) we can see that CO 2 depends on the rate of carbon atoms in the hydrocarbon molecule. Generally, gasoline and diesel fuels have a high value of carbon atoms: from 6 to 16 for each molecule. In this case, the mass of CO 2 generated per kilogram of fuel is about 3.1 kg (in stoichiometric conditions). Table II shows the energy that is theoretically obtainable from 1 kg of diesel or gasoline.
Natural gas is a very interesting alternative because its content of carbon is lower than in gasoline or diesel fuel. Natural gas is a mixture of different gases but methane (CH 4 ) is the principal component. Effective composition of natural gas depends on the extraction site (see Table III ) but in all cases methane is present in a high percentage (over 80%).
Natural gas has an intrinsic energy similar to liquid fuels and this aspect makes it more suitable as an alternative to oil-derivate fuels. Generally, the combustion of 1 kg of natural gas gives 2.75 kg of CO 2 . Comparing the CO 2 emission for an equal intrinsic content of fuel energy we have a potential reduction of about 11% for natural gas with regards to gasoline or diesel fuel. Total reduction in CO 2 emission for natural gas can be estimated to be about 10-12% in comparison with diesel fuel, as a result of several conflicting factors.
First, there is a difference in thermodynamic efficiency between the diesel and natural gas engine because the diesel engine results in a higher compression ratio than the Compressed Natural Gas (CNG) engine. Additional overconsumption in natural gas vehicles is produced by the extra weight of gas tanks that are necessary to store it on board. In fact, natural gas is stored at a high pressure (200 bar) in steel tanks, which are constrained with excellent mechanical characteristics to keep a high grade of safety.
A more general analysis of the CO 2 emission (from well to wheels) should also take into account the emission deriving from fuel production and distribution. Including these last contributions, estimated by IEA/Afis (1996) in an increment of 5-6% for liquid fuels, we can estimate a global reduction in CO 2 emission of
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A. GENOVESE and R. RAGONA about 10-12% (fuel + engine efficiency + production and distribution) when comparing natural gas and diesel. In real operating conditions, fuel consumption and utilization profile both contribute to defining the final saving in CO 2 emission. To quantify the reduction in a complete way, it is useful to evaluate CO 2 referred to the covered distance. Because fuel consumption depends also on route typology, effective load, driving style, and so on, it is of great interest to estimate CO 2 emission during real operating conditions.
Taking into account other possible actions to decrease the CO 2 emission, we should also consider the innovative vehicle option. Vehicles using new technologies for traction and energy storage are promising a reduction in energy consumption and pollutant emission at point of use. Hybrid vehicles can play a key role in this scenario. In fact the smaller thermal engine, when properly managed, reduces fuel consumption during the hybrid working cycle and consequently decreases CO 2 production.
PUBLIC TRANSPORT AND CO 2 EMISSION: TWO ITALIAN EXPERIENCES
Public transport is now very sensitive to the "environmental theme". This new interest is emerging from a claimed approach for "a sustainable mobility". Public transport has an important role in the general order of transport organization. Primarily, it is a basic axis to which people can refer to satisfy their mobility request and, second, it is a very popular means of giving a big, propulsive impulse to the new vehicular technologies.
Inside the big conurbation and in the small cities, public transport dispatches the transport service covering a lot of space that cumulatively can be very significant. For example, it is possible to have in a city like Rome a yearly distance covered by public transport of over 150,000,000 km in diesel mode. If we add up the total distance traveled by public vehicles in all world cities, the result is a significant number able to influence CO 2 emission.
Nowadays, different types of innovative vehicles are available for alternative public transport and much more are in the development stage. Each one is promising low-pollutant emission level and low-energy consumption but not all are ideal substitutes for the diesel-motorized vehicles. It is interesting for all transit companies and for public administrators to have a reference when they have to make a choice centered on the CO 2 emission reduction. This paper aims to investigate this aspect making reference to two different experimental experiences made in two Italian projects.
In particular, we'll make reference to concluded experimental evaluations in Bologna and in Terni. In Bologna, a CNG bus was monitored during its real operating conditions and compared with a similar diesel bus. In Terni, the on-line monitoring was performed on a serial hybrid bus and compared with a diesel bus having analog characteristics.
Experiments were carried out collecting data of kinematic performance and energy consumption during normal service in these urban areas. From direct fuel consumption measurements, the CO 2 emission has been extrapolated hypothesizing that all fuel is totally oxidized during the combustion. To confirm this data, some campaigns of CO 2 emission measurements were performed. For direct measurements of carbon dioxide, a small part of the exhaust gas was picked up from the tailpipe, and after a water vapor condenser sent to a gas analyzer. Fuel consumption-meters having good accuracy and resolution were employed to support both the indirect detection of CO 2 and the direct measurements with the gas analyzer.
For the diesel engine (in the conventional and hybrid bus) a diesel fuel flow rate (VDO Kienzle model EDM 1404.01) was used. This flowmeter is based on a differential chamber measurement system with high resolution (322 pulses/lt). For natural gas, the flow measurement was performed using an ANNUBAR pipe with differential pressure, absolute pressure, and temperature sensors. The fuel data collected in conjunction with the oxygen measurements were sufficient to calculate the exhaust gas flow and the CO 2 emission. The gas analyzer used was the EMI-CONT 70 model by Zambelli s.r.l. with a resolution for oxygen measurement of 0.1% vol.
NATURAL GAS AND DIESEL BUSES
This experiment was carried out in Bologna to support the local transit company (ATC-Azienda Trasporti Consortili) in the evaluation of the energy performance of a CNG bus.
In particular, the CNG bus was manufactured by CAM-Carrozzerie Autodromo Modena. Table IV shows typical characteristics of this vehicle and figure  3 shows an example of on-line gas consumption measurement.
At the same time, a similar diesel bus (see Table V ) was operated along the same urban route 25 crossing the historical city center from North (Gomito) to East (Due Madonne). The monitoring campaign for energy analysis was performed for twenty days in August 1998, and during four days a direct CO 2 emission was also implemented.
The total distance covered by the CNG bus during the on-field test was 360 km with a global gas consumption of 141.33 kg at an average speed of 15.53 km/h. Average specific consumption can be calculated in 0.393 kg/km. Figure 4 shows the dispersion of specific consumption of the CNG bus around the mean value. If 1 kg of CH 4 produces 2.75 kg of CO 2 (in ideal conditions) the emission of carbon dioxide is quantifiable in:
Specific CO 2 Emission = Fuel Economy * 2.75
(2) with Specific CO 2 Emission (kg/km) Fuel Economy (kg/km).
Applying Equation (2) we have a specific CO 2 emission equal to 1.08 kg/km (see Table VI ).
For the diesel bus, the distance covered was 244.6 km having a total fuel consumption of 105.9 liters and an average speed of 15.18 km/h. Transforming volumetric in mass consumption at a standard density, we have a total consumption of 88.2 kg of diesel fuel. This gives for the diesel bus a specific consumption of 0.360 kg/km. For diesel fuel the hydrocarbon-carbon dioxide rate is of 3.1 and applying Equation (2) with its suitable ratio we have a specific CO 2 emission equal to 1.12 kg/km (see Table VI ).
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A. GENOVESE and R. RAGONA FIGURE 3 Gas consumption versus time (upper) and engine rpm (lower).
FIGURE 4 Dispersion of specific consumption for CNG bus.
For the direct estimation of produced CO 2 , the gas analyzer gives an output in volumetric concentration which can be used to calculate the CO 2 mass emission through the following relation: CO 2 emission (gr) = [fuel(gr)*(1 + λ)]*1.529*CO 2 % (3) l = air/fuel ratio fuel(gr) = mass fuel consumption CO 2 % = CO 2 concentration in exhaust gas
The coefficient 1.529 takes into account the weight of CO 2 referred to the mean molecular weight of exhaust gas (44/28.98). Air/fuel ratio is also detected by the gas analyzer from O 2 concentration. A methodological aspect in emission measurements with the gas analyzers is to be taken into account to have the right time relation between fuel consumption and current pollutant concentration. It is clear that current pollutant concentration refer to a past fuel consumption because there is a time delay depending on the path covered by the exhaust gas in tailpipe, condenser, and gas analyzer. This time delay (D) can be estimated cross-correlating the fuel consumption and the O 2 concentration. In our case, applying a cross-correlation technique, this delay resulted as high as 25 seconds. A time shift of this amount was introduced in Equation (3) to synchronize fuel consumption and gas measurements, producing Equation (4). Figure 5 reports the good correlation between CO 2 and O 2 concentration and the time/fuel consumption, when properly time-aligned. Table VII shows the data collected with the direct CO 2 emission measurements, derived from Equation (4). The CO 2 gas analyzer measurements showed a good agreement with the carbon dioxide emission calculated through the indirect collection. Difference with indirect measurements can be originated by the small variations of methane percentage in natural gas and by the gas analyzer time response that operates as a low-pass filter cutting off the fast changes of gas concentration. Results of the same kind of measurements carried out for the diesel bus are shown in Table VIII .
Looking at results obtained through the gas analyzer we can assert that difference in specific CO 2 emission (CNG versus diesel fuel, see Tables VII and  VIII) is around 8%. Difference in direct and indirect measurements can be ascribed to an effective variability in CO 2 /C n H m rate for diesel and CNG fuel.
HYBRID AND DIESEL BUSES
The second experiment reported in this paper was performed in Terni, which was one of three test sites of a national project involving hybrid buses. In fact, the Italian Ministry of Industry and Commerce (MICA) stimulated the introduction in 196 A. GENOVESE and R. RAGONA three Italian cities of innovative and demonstrative small fleets for passenger transports, referred to the hybrid (series) technology. The main aim of this experiment was motivated by the need of a real evaluation and characterization of a technology that yields promises of reduction of pollutant emission and of energy saving, in view of a possible massive introduction in the congested and polluted urban areas. Twenty-four hybrid buses (see Table IX for their characteristics) produced by the Italian company, ALTRA, were integrated in the urban transport lines of the three cities and intensively used from June 1998 until the present day. The Italian National Board for Energy, New Technology, and the Environment (ENEA) followed this experimentation collecting data of when these buses were really employed in urban areas. At the same time, traditional vehicles (diesel busses) were also employed on the same transport lines and measured in order to yield on the average a useful term of comparison.
Diesel bus employed in Terni was the same type tested in Bologna (Bussotto by CAM Modena), and worked along the same transport line of the hybrid bus, in particular on route number 3 crossing the historical center. The total distance covered during these on-line measurements was about 1180 km with a mean speed value of 16.6 km/h. From this collection of measurements, a specific consumption of 0.437 liters/km resulted for the diesel vehicle. Imposing a hydrocarbon-carbon dioxide rate of 3.1 and applying Equation (2), we have a specific CO 2 emission of 1.128 kg/km. Comparing fuel consumption with similar diesel bus consumption in Bologna, we can note an increment in fuel consumption due to a sensible difference in route characteristics, having in Terni an average slope of 4% with respect to the flat path in Bologna.
At the same time, the hybrid bus fuel consumption was monitored. Data collected during this on-line measurement campaign assigned a specific consumption of 0.44 liters/km and a mean speed of 16.1 km/h. CO 2 emission estimated using the usual 3.1 rate gave a result of 1.136 kg/km (see Table X ).
Experimental data collected during these on-road tests showed a substantial equivalence in fuel consumption between hybrid and diesel bus, at least in the respective mean values. This result seems to contradict the current convictions where simulation studies are predicting a consumption reduction (from few percent to 25%) (Cuddy and Wipke, 1997) .
As a matter of fact, our experience is in accordance with other experiments performed in a similar way (on-road testing), and reporting an equal energy consumption between hybrid and conventional buses (Aalborg Final Report, 1998) .
Concrete experiments for hybrid buses confirm the necessity to improve technological performances of energy storage systems, of electric motors, of elec-tronic control systems, and of the energy management system. In our opinion, there is a lot of room for the improvement of this vehicular technology.
Direct measurements of carbon dioxide emission, applying Equation (4), have carried out for the diesel bus in Terni, and the average specific emissions are reported in Table XI , whereas direct measurements for the hybrid bus are reported in Table XII. The gas analyzer measurements coincide with the indirect calculation of CO 2 emission. In Figure 6 we can view a frame of CO 2 emission for the hybrid bus. This figure shows a "flat" line in comparison with emission of the diesel bus, because thermal engine in hybrid vehicles works in a steady-state operating condition (or a nearly steady-state). Figure 7 illustrates once again the correlation existing between CO 2 and fuel consumption in hybrid bus.
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A. GENOVESE and R. RAGONA The results reported in Tables XI and XII for the diesel and hybrid bus show clearly a relation of close identification in CO 2 emission, due to the fact that the respective fuel consumptions are very similar. We want to think of this comparison as an actual result, that is, as a result due to the actual degree of development for the hybrid technology, that in our opinion still has a large room for improvements.
In effect, some of these are already at hand: for example, the producer Altrabus of the hybrid buses experimented in Terni released a version with a CNG 
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FIGURE 6 Direct measurement of CO2 emission for hybrid bus. thermal engine, so gaining sure positions in terms of CO 2 emissions. Moreover, a lot of work is in progress dedicated to improvements of aspects related to batteries and their possible management, to drivetrain and its possible digital control, and so on, which should assure a better performance in terms of fuel consumption and pollutant emission.
CONCLUSION
Hybrid buses tested in Terni have demonstrated good environmental performance in relation to regulated emissions (CO, NO x , HC) (Genovese and Ragona, 2001) but, unluckily, the CO 2 emission was in close comparison with the diesel bus. This is due, in our opinion, to the actual limitations of the hybrid technology. The CNG bus has shown a lower CO 2 emission, reporting with respect to the diesel bus a 3.5-8% reduction at point of use. Table XIII summarizes three cases of a hypothetical reduction of CO 2 emission in different-sized towns if the public transport fleet was equipped with CNG buses.
Natural gas gives friendly results from the point of view of greenhouse emission, decreasing emission of carbon dioxide; moreover, it also plays an important role for particulate matter emission reduction. Further developments of engine performances, as electronic injection or multi-point injection, are promising to decrease gas consumption and, consequently, to reduce the CO 2 emission in the atmosphere.
A more significant turning point in emission will be reached when carbonfree fuels are employed in transport, as the actual technological scenario seems to promise, for example, the hydrogen fuel cell-based technology. This possible revolution will lay the foundations for an emission-free transport, at least at point of use. 
